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Structure of a putative ancestral protein encoded by a single
sequence repeat from a multidomain proteinase inhibitor gene
from Nicotiana alata
Martin J Scanlon1, Marcus CS Lee2,3, Marilyn A Anderson2 and David J Craik1*
Background: The ornamental tobacco Nicotiana alata produces a series of
proteinase inhibitors (PIs) that are derived from a 43 kDa precursor protein,
NaProPI. NaProPI contains six highly homologous repeats that fold to generate
six separate structural domains, each corresponding to one of the native PIs. An
unusual feature of NaProPI is that the structural domains lie across adjacent
repeats and that the sixth PI domain is generated from fragments of the first and
sixth repeats. Although the homology of the repeats suggests that they may
have arisen from gene duplication, the observed folding does not appear to
support this. This study of the solution structure of a single NaProPI repeat
(aPI1) forms a basis for unravelling the mechanism by which this protein may
have evolved.
Results: The three-dimensional structure of aPI1 closely resembles the triple-
stranded antiparallel β sheet observed in each of the native PIs. The five-residue
sequence Glu-Glu-Lys-Lys-Asn, which forms the linker between the six
structural domains in NaProPI, exists as a disordered loop in aPI1. The
presence of this loop in aPI1 results in a loss of the characteristically flat and
disc-like topography of the native inhibitors.
Conclusions: A single repeat from NaProPI is capable of folding into a
compact globular domain that displays native-like PI activity. Consequently, it is
possible that a similar single-domain inhibitor represents the ancestral protein
from which NaProPI evolved.
Introduction
The ornamental tobacco Nicotiana alata produces high
levels of a series of proteinase inhibitors (PIs) that are
thought to function in defence of the plant against preda-
tion and disease. The PIs are derived from a 43 kDa pre-
cursor protein, NaProPI, which consists of an N-terminal
endoplasmic reticulum signal sequence, a series of six
highly homologous repeats and a C-terminal peptide that
functions as a vacuolar targeting signal (VTS) [1,2]. Pro-
cessing of NaProPI in the secretory pathway removes the
signal peptide and VTS and releases six PIs (Figure 1).
Two of the PIs are chymotrypsin-specific (C1 and C2) and
four are trypsin-specific (T1–T4) [3].
The processing of the precursor is extremely unusual. Pro-
cessing occurs at sites that are within rather than between
each of the six homologous repeats to release six PIs. Five
of these are derived from parts of the contiguous sequence
of the precursor [3], whilst the sixth is a two-chain protein
comprising a 30-residue sequence derived from the C-ter-
minal portion of the sixth repeat and the N-terminal 18
residues of the first repeat, which are joined by three
intermolecular disulphide bonds [4]. A consequence of the
release of the two-chain inhibitor, C2, from the precursor
protein is the fact that NaProPI must adopt a circular
bracelet-like structure (Figure 1). Three disulphide bonds
between the N- and C-terminal fragments clasp this
‘bracelet’.
NaProPI belongs to the potato inhibitor II (PotII) family of
proteinase inhibitors that have been described in a wide
variety of species within the Solanaceae. The first members
were isolated from potato and tomato and consist of two
tandem repeats with reactive sites specific to either chymo-
trypsin or trypsin [5,6]. Subsequently, inhibitors with three
[7], four and six [1] repeats have been characterised. We
have shown recently that inhibitors having both two and six
repeats adopt the circular ‘clasped bracelet’ fold of disul-
phide-linked N- and C-terminal fragments, suggesting that
this general structure is adopted regardless of the number
of intervening inhibitor repeats [4].
The unusual folding of the PI domains across the tandem
repeats of NaProPI raises interesting questions as to how
the multidomain precursor was formed. The high
sequence identity (79–100%) between each of the six
repeats in NaProPI suggests that they arose from a single
repeat sequence by gene duplication events. A similar
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interpretation was suggested for the two-repeat inhibitor
from potato [8]. It is commonly assumed, however, that
such repeated sequences fold into separate domains sepa-
rated by a short stretch of polypeptide chain. This view is
difficult to reconcile with the observations that the active
inhibitor domains from these two- and six-repeat proteins
fold across two adjacent sequence repeats. Indeed, folding
of the PI domains across repeats led Greenblatt et al. [9] to
suggest that the two-repeat potato inhibitor II protein
could not have evolved from a single-domain inhibitor
through gene duplication events.
Recently, we have shown that a recombinant protein, corre-
sponding to a single-repeat, displays activity against chy-
motrypsin equivalent to a native PI. These data indicated
that a single repeat unit could produce a folded and active
PI. Furthermore, ‘duplication’ of the repeat sequence to
produce a recombinant two-repeat inhibitor, resulted in a
protein which, like the naturally occurring PIs, folded
across the tandem repeats to produce a circular protein with
a clasped bracelet fold [4]. These findings suggest that the
multidomain PotII family may have evolved by gene dupli-
cation events from a single repeat encoding a functional PI.
In this study we have determined the solution structure of
the recombinant PI generated from a single repeat of
what might have been the ancestral inhibitor gene. We
have termed this putative ‘ancestral protein’ aPI1. This
protein adopts a compact globular fold in which the major
element of secondary structure is a triple-stranded
antiparallel β sheet with a similar topology to that found
in the native repeats. Thus, the native PIs represent a cir-
cular permutation of aPI1.
Results
Resonance assignments for aPI1
NMR spectra were recorded for a 1 mM solution of aPI1
at 313K and pH 5.8. Resonances were assigned to specific
protons using the sequential assignment procedure [10].
Assignments of overlapping cross-peaks or those that were
coincident with the water frequency were confirmed by
recording spectra at different temperatures in the range
298–313 K. Assignments were obtained for all non-
exchangeable and backbone amide protons and have been
deposited with the BioMagResBank (BMRB).
Structure determination of aPI1
Structures were calculated using a restraint set consisting
of 510 interproton distances inferred from nuclear Over-
hauser effect (NOE) intensities. Dihedral angle restraints
were calculated from NOE and coupling constant data by
analysis of the local conformation using the GRID-
SEARCH functionality within DYANA1.5 [11]. A total of
184 constraints for 45 φ, 47 ψ, 33 χ1 and 24 χ2 angles were
generated in this way. Stereospecific assignments were
obtained for 12 β-methylene pairs, all three pairs of
asparagine sidechain amides and the methyl groups of the
two valine residues. The interproton distances from which
redundancies based on the covalent geometry had been
eliminated consisted of 156 intraresidue, 153 sequential,
60 medium and 141 long-range distance constraints. Sum-
maries of the short-range restraints and the distribution of
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Figure 1
Diagrammatic representation of the domain
organisation of NaProPI (the N-terminal signal
sequence and the putative C-terminal
vacuolar targeting signal have been omitted
for clarity). The precursor protein, shown as a
linear gene product in the upper part of the
diagram, forms a circular ‘bracelet’ structure
that is ‘clasped’ by three disulphide bonds
(yellow) between the N- and C-terminal
repeats. Each repeat (labelled A–F) contains
a protease-reactive site (red), which is
specific for either chymotrypsin (C1 and C2)
or trypsin (T1–4). Cleavage in each of the six
linker regions (green) releases six active
domains which are the native inhibitors shown
on the right of the diagram. aPI1 is the gene
product of a single repeat from NaProPI; aPI1
contains portions of the sequence from C1
and C2 which are joined by the five-residue
linker sequence EEKKN.
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distance constraints as a function of residue number are
presented in Figure 2. The large number of medium- and
long-range distance constraints suggests that aPI1 forms a
compact and well-defined structure in solution. Signifi-
cantly, there is a lack of long-range restraints in the region
corresponding to the ‘linker’ sequence, EEKKN (single-
letter amino acid code), of the precursor protein, suggest-
ing a lack of definition in this part of the protein.
From the final round of structure calculations a family of
20 structures (from a total of 50) with the lowest energies
and least residual violations of the experimental
restraints was chosen to represent the solution structure
of aPI1. A summary of the structural statistics for this
family is given in Table 1. The structures have no viola-
tions of distance or dihedral angle restraints greater than
0.3 Å or 3.0°, respectively, they have good covalent
geometry, as indicated by the small deviations from ideal
bond lengths and bond angles, and have favourable non-
bonded contacts indicated by the low values of the mean
Lennard–Jones potential.
A stereoview of the final 20 structures superimposed over
the backbone heavy atoms (N, Cα, C) of the well-
defined portion of the molecule is shown in Figure 3.
The mean pairwise root mean square deviations (rmsds)
over the identified elements of secondary structure
(encompassing residues 12–16, 39–43, 48–51) are
0.40 ± 0.13 Å and 1.09 ± 0.15 Å for the backbone (N, Cα,
C) and all heavy atoms, respectively. Corresponding
values for the entire molecule are 2.19 ± 0.46 Å and
3.14 ± 0.42 Å for the backbone and all heavy atoms,
respectively. Backbone angular order parameters [12]
indicate that the structure is generally well defined with
the exception of four N-terminal residues, the loop con-
taining the linker sequence EEKKN and the turn
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Figure 2
NMR data used in structure determination.
(a) Summary of the NMR data used for
sequence-specific assignment and
identification of secondary structure in aPI1.
Shaded bars indicate sequential
connectivities observed in a 200 ms mixing
time NOESY spectrum at 313K and pH 5.8;
the height of the bars indicates their strength.
Slowly exchanging amide protons are
indicated: open circles, amide protons still
present 2 h after dissolution in 2H2O; half-
filled circles, amide protons still present 4 h
after dissolution in 2H2O; filled circles, amide
protons still present 8 h after dissolution in
2H2O. 3JHNHα coupling constants are
indicated: filled squares, 3JHNHα > 8; open
squares, 3JHNHα < 5; half-filled squares,
8 Hz > 3JHNHα > 6 Hz. (The figure was
produced using the program Vince.)
(b) Distribution of intraresidue (white),
sequential (light grey), medium (dark grey) and
long-range (black) distance constraints as a
function of residue number.
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between the second and third β strands. Analysis of the
family of structures in PROCHECK-NMR [13] reveals
that 86% of residues lie in the favourable and additionally
allowed regions of the Ramachandran plot. Of the
remainder, 10% lie in the generously allowed region and
4% in disallowed regions. Those residues that fall in the
disallowed regions are all found in the poorly defined
portions of the molecule.
Description of the structure of aPI1
Elements of secondary structure were identified using the
program PROMOTIF [14]. aPI1 contains a triple-
stranded antiparallel β sheet. Residues Lys40–Phe42 form
the central strand with Tyr14–Val16 and Phe48–Cys50
forming the two peripheral strands. Each of the peripheral
strands is distorted from ideal geometry and forms a
classic antiparallel β bulge with hydrogen bonds as indi-
cated in Figure 4.
Six β turns are present in the structures of aPI1. Three of
these are well-defined in the family of aPI1 structures and
are classified as canonical turn types by PROMOTIF:
residues Asp9–Ile12 are classified as a type I turn in 17 of
the 20 structures; residues Thr36–Cys39 are classified as a
type II turn in 14 of the 20 structures; and residues
Ser43–Gly46 are classified as a type I turn in 18 of the 20
structures. The remaining three turns are found in less pre-
cisely defined regions of the structures, which have a lower
proportion of residues in the most favoured regions of the
Ramachandran plot. As a result these turns are frequently
classified as non-standard (type IV) by PROMOTIF. In
each case, however, the turn is either identified by PRO-
MOTIF as a canonical turn type or it closely resembles
that canonical turn but is classified as type IV. Residues
Cys17–Ser20 are classified as a type II turn in 6 of the 20
structures; residues Asn31–Ala34 and Cys32–Gly35 form
overlapping turns which are classified as type I in 5 and 8
of the 20 structures, respectively. In addition, an inverse γ
turn is present between Cys50–Gly52. A hydrogen bond
was found consistently for the 9–12 and 36–39 turns. The
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Table 1
Statistics for the family of 20 aPI1 structures*.
Mean rmsd from experimental restraints
NOE (Å) 0.0265 ± 0.00202
dihedrals (°) 0.513 ± 0.0794
Mean rmsd from idealised covalent geometry†
bonds (Å) 0.000846 ± 0.000308
angles (°) 2.11 ± 0.0488
impropers (°) 0.184 ± 0.0226
Mean energies (kJ mol–1)
ENOE‡ 10.8 ± 1.68
Edih‡ 1.85 ± 0.60
EL–J§ –261.5 ± 11.4
Ebond 8.75 ± 0.605
Eimproper 1.20 ± 0.311
Eangle 90.35 ± 4.34
Etotal –82.9 ± 11.2
*The values in the table are given as mean ± standard deviation.
†Idealised geometry is defined by the CHARMm forcefield as
implemented within X-PLOR. ‡Force constants for the calculation of
square well potentials for the NOE and dihedral angle restraints were
50 kcal mol–1 Å–2 and 200 kcal mol–1 rad–2, respectively. §The
Lennard–Jones van der Waals energy was calculated with the
CHARMm empirical energy function.
Figure 3
The solution structure of aPI1. (a) Stereoview
of the backbone heavy atoms (N, C, Cα) of
the final 20 structures of aPI1 superimposed
over the β-sheet residues. Residues
Met1–Ser20 are shown in red, the ‘linker’
residues Glu21–Asn25 are in green and
Asp25–Ser54 are in blue. The four disulphide
bonds are shown in yellow. (b) Stereoview of
the final structures in the same orientation as
(a) showing all heavy atoms (coloured
magenta) of the well-defined sidechains
(Sχ1 > 0.8) in the well-defined (Sφ,ϕ > 0.9)
regions of aPI1. The colour scheme is the
same as in (a) and for reasons of clarity,
residues 1–7 and 19–27 have been omitted
from the figure.
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location of these turns and their classification is in close
agreement with those reported in the structures of the
native inhibitors [15,16].
The elements of secondary structure in the structures of
aPI1 account reasonably well for the amide protons that
were found to be in slow exchange with 2H2O. For those that
are not accounted for by the elements of secondary structure,
hydrogen bonds have been identified: Asp9 NH→Thr30 O
(all 20 structures); Arg11 NH→Asp9 OD1 (all 20 structures).
These hydrogen bonds were not included as restraints in
the structure calculations. Only Thr47 NH, which was
found to have a  slightly depressed exchange rate after
dissolution in 2H2O, had no identifiable hydrogen-
bonding partner.
The disulphide bond connectivity in aPI1 was not explic-
itly determined using chemical methods. It is clear,
however, that it is analogous to that of the naturally occur-
ring PIs [15,16]. The proposed connectivity was obtained
from a statistical analysis of S–S distances in a set of struc-
tures calculated without disulphide-bonding restraints.
This analysis clearly indicates that the experimentally
determined interproton distances and dihedral constraints
alone are sufficient to define the global fold of aPI1, and
that this fold is uniquely consistent with the proposed
disulphide connectivity. The validity of this assignment is
confirmed by the similarity in the secondary shifts
between aPI1 and the native inhibitors (Figure 5). Sec-
ondary shifts are very sensitive to both local and global
geometry and their similarity amongst the various
inhibitors suggests identical disulphide connectivity.
Three of the disulphide bonds show a preference for
right-handed conformations in the family of calculated
structures. Cys8–Cys29 and Cys17–Cys39 are classified as
short right-hand hooks in 10 and 16 of the 20 structures,
respectively, whereas Cys32–Cys50 forms a right-handed
hook in 15 of the structures. The remaining disulphide
bond, Cys4–Cys33, appears to have no preference for
right- or left-handed conformations.
Discussion
The N. alata precursor protein comprises six highly
homologous domains that are flanked by an N-terminal
signal sequence and a C-terminal tail, which is thought to
direct targeting of the protein to the vacuole [1,2]. PIs are
released from the precursor by proteolysis. As this proteol-
ysis occurs within, rather than between, the six repeats,
however, only five contiguous PIs are produced [3].
Recently, we have described the isolation and structural
characterisation of a sixth inhibitor that is formed by disul-
phide-linkage of the N-terminal portion of the first
domain and the C-terminal portion of the sixth domain.
Solution structures have been determined for each of the
native PIs derived from NaProPI [15,16]. In all cases the
major element of secondary structure present is a triple-
stranded antiparallel β sheet. The molecules are relatively
flat and disc-shaped, with the active-site residues located
within a surface-exposed loop, which is on the opposite face
and connected via the disulphide-bonding network to the
well-defined β sheet region. The two-chain inhibitor adopts
the same consensus structure, although five residues from
the active-site loop of the contiguous inhibitors are missing,
which results in the presence of an extra N and C terminus.
In an attempt to identify possible mechanisms by which
the multidomain NaProPI may have evolved, we have
recently produced recombinant proteins corresponding to
both a single repeat (aPI1) and a ‘duplicated’ two-repeat
inhibitor (aPI2). We have shown that the aPI1 displayed
activity against chymotrypsin equivalent to a native PI,
indicating that it is a folded and active inhibitor. Further-
more, ‘duplication’ of aPI1 to form the recombinant two-
repeat inhibitor aPI2, resulted in a protein, which, like the
naturally occurring PIs, folded across the repeat to produce
a clasped bracelet fold [4]. In the current study we have
determined the structure of the single-domain protein as a
starting point from which to attempt to unravel the mecha-
nisms that drive the folding of these fascinating proteins.
As is the case with the native inhibitors, the major
element of secondary structure present in the recombinant
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Figure 4
Schematic diagram of the secondary structural elements of aPI1
showing the NOEs between β strands (double-headed arrows) and the
position of proposed hydrogen bonds (broken lines).
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aPI1 is a triple-stranded antiparallel β sheet. In fact, this
region is highly similar in both the native and recombinant
PIs. The backbone atoms (N, C, Cα) of the respective
β sheet regions of aPI1 (Tyr14–Val16, Lys40–Phe42,
Phe48–Cys50) and the contiguous native PI T1
(Lys11–Phe13, Phe23–Cys25, Tyr47–Ile49) superimpose
with an rmsd of 0.88 Å. The corresponding region of the
two-chain inhibitor C2 (Tyr13A–Val15A, Lys14B–Phe16B,
Phe22B–Cys24B) superimposes over the β-sheet region of
T1 with an rmsd of 0.62 Å.
It is perhaps somewhat surprising that aPI1 has such a
similar fold to the contiguous native PI domains. The rela-
tionships between the various inhibitors is most easily
demonstrated by comparison with the two-chain inhibitor,
C2 (Figure 6). In the native contiguous inhibitors (e.g. T1)
the C terminus of the region corresponding to the longer
polypeptide chain of C2 is joined to the N terminus of the
region corresponding to the  shorter chain of C2 by the
five-residue sequence DPRNP. In contrast, in aPI1 the
C terminus of the shorter chain of C2 is joined to the
N terminus of the longer chain by the five-residue
sequence EEKKN. The relationship between the con-
tiguous inhibitors and aPI1 is in many ways reminiscent of
the well-described operation of circular permutation [17].
However, T1 would appear to be a very poor candidate for
circular permutations as the N and C termini are separated
by > 20 Å in the native structure. Our observations with
aPI1 might be thought of as an extension to this concept,
such that circular permutations are permissible in proteins
with widely separated termini so long as a suitable linker
is employed. Circular permutation of a protein arises
through the linkage of the N and C termini followed by
cleavage of the sequence at an alternate site [17]. Thus,
the amino acid complement of the circularly permuted
protein remains essentially the same, except where addi-
tional residues are introduced as a linker to join the
termini. Thus aPI1 can be considered a circular permuta-
tion of T1 in which the T1 linker sequence DPRNP is
deleted and the aPI1 linker EEKKN is inserted.
A number of studies have been conducted on circularly
permuted proteins to address aspects of protein folding, in
particular the question of whether the order of polypep-
tide synthesis is directly coupled to the ability of the
protein to adopt a native fold [18]. Most of the permuted
proteins studied have been single-domain proteins, which
were expressed in bacteria after genetic rearrangement of
the encoding DNA [19–22]. In addition to artificially gen-
erated circular permutants, however, there is considerable
interest in identifying the relatively rare examples of natu-
rally occurring proteins that have undergone circular
permutation during evolution [17]. The bacterial β-glu-
canases are one example, where a 60-residue sequence
from the C terminus of the Fibrobacter succinogenes enzyme
is transplanted to the N terminus of the Bacillus macerans
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Secondary shifts for the Hα protons of aPI1 (white bars) and the contiguous native inhibitor C1 (black bars). The positions of the cysteine residues
and the disulfide connectivity are illustrated above. Numbers in italics indicate the residue numbering in C1.
enzyme. Although this arrangement may be accounted for
by an exchange of gene fragments encoding the N- and
C-terminal regions, an alternative explanation is sug-
gested in the case of the saposin/swaposin proteins.
Saposin domains occur as four tandem repeats within a
precursor, prosaposin, from which they may be released
by proteolysis within linker regions. Intriguingly, a single,
circularly permuted saposin domain, termed swaposin,
was identified as an insert within the coding region of a
family of plant aspartic proteinases [23,24]. Ponting and
Russell [24] suggested that the swaposin domain may
have originated from an ancestral prosaposin-like gene
consisting of the C-terminal half of one saposin repeat and
the N-terminal half of the next that were joined by a
linker region. Extraction of the swaposin coding sequence
may thus have been facilitated by the occurrence of
tandem repeats.
Similarly, the arrangement of PI domains in NaProPI may
have resulted from duplication of an ancestral aPI1-like
sequence. Unlike swaposin, however, which occurs as a
single, isolated domain the contiguous PI domains require
the presence of multiple sequence repeats as the struc-
tural PI domain lies across two such repeats (Figure 1).
This observation was first highlighted by Greenblatt et al.
[9]. If the PotII family of PIs originated as a single-domain
inhibitor, then gene duplication was a necessary prerequi-
site for the circular permutation that results in a change
from folding within a repeat to the situation found for the
native inhibitors, where folding is observed across pairs of
adjacent repeats. This situation may be unique amongst
circularly permuted proteins studied to date.
Although it is a necessary condition for a shift in folding
domains, the process of gene duplication alone does not
explain why such a shift takes place. In the current study
we have shown that a single isolated aPI1 domain folds
into a stable three-dimensional structure, just as the
native PIs do, so a NaProPI structure comprising
tandem-linked aPI1 domains is at least theoretically pos-
sible. Indeed, this would be the expected product if
folding occurred co-translationally. We have demon-
strated, however, that the ‘gene-duplicated’ recombinant
protein, aPI2, adopts the same folding topology as the
native PI domains found in NaProPI [4]. This result
indicates that the dimeric form of aPI2 is more thermo-
dynamically stable when the PI domains form the cross-
repeat folds found in native inhibitors rather than the
intrarepeat fold found in aPI1. There are two possible
explanations as to why this may be so. Firstly, it may be
that the native PI domain inherently has a greater
thermodynamic stability than the intrarepeat aPI1 fold.
Alternatively, it is possible that two native PI domains in
the dimeric structure interact in a more favourable
manner than a pair of aPI1-like domains.
Figure 7 depicts a comparison of the ensembles of struc-
tures of aPI1 and the native PI, T1; as mentioned above,
these two structures are effectively circular permutations
of one another. The structural cores of both molecules
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Figure 6
A comparison of the structures of the
contiguous native inhibitor T1, the two-chain
inhibitor C2 and aPI1. (a) The molecules are
shown as Cα ribbons of the mean structure
from each NMR ensemble superimposed over
the backbone heavy atoms (N, C, Cα) of their
β-hairpin regions. The residues are colour-
coded: residues Lys35–Ser53 of T1,
Lys1A–Ser19A of C2 and Met1–Ser20 of
aPI1 are coloured red; Asp1–Ser29 of T1,
Arg1B–Ser28B of C2 and Asp26–Ser54 of
aPI1 are coloured blue; residues
Asp30–Pro34 of T1 and the linker region
Glu21–Asn25 of aPI1 are coloured green;
and the protease-reactive sites of the
inhibitors are shown in purple. (b) A rotation
by 90° of the ribbons shown in (a).
(shown in blue) are very similar and are likely to be ther-
modynamically equivalent. The regions of the two struc-
tures that are poorly defined by the experimental data
(shown in green) are the termini of both molecules as well
as the five residues that are substituted between the two
structures to generate the circular permutation. In the
native PIs, these five residues (D30PRNP34) contain a
well-defined β turn, whereas in aPI1 the five-residue
sequence E21EKKN25 is unstructured. This results in the
native PI structures being generally more precisely
defined than those for aPI1 and may reflect an increase in
the overall thermodynamic stability of the native PIs.
Although PotII inhibitors have been observed in a wide
variety of species within the Solanaceae, each consists of a
minimum of two tandem repeats which form structural
domains that lie across the repeats. This has led to the
suggestion that these proteins could not have originated
as single-domain inhibitors by gene duplication because
of the pattern of folding that is observed [9]. However,
this conclusion was based on the commonly accepted
assumption that large repeated sequences will fold into
separate structural domains separated by a short stretch of
polypeptide chain. In this study, we have shown that a
single repeat from the N. alata proteinase inhibitor
NaProPI forms a compact globular structure, which is
active as a PI. Duplication of the aPI1 sequence results in
a circular permutation in the fold and generates native-
like PI domains. Without gene duplication there is no
possibility of taking advantage of the thermodynamically
more stable fold that is found in all members of the PotII
family of PIs which have been described to date. This
study demonstrates that gene duplication is a possible
mechanism by which the native multidomain family of
PotII inhibitors may have been formed.
Biological implications
NaProPI belongs to the potato inhibitor II family of
multidomain proteinase inhibitors (PIs), members of
which contain two to six inhibitor domains encoded by
tandem sequence repeats. The high sequence identity
between the six repeats of NaProPI suggests that they
were derived by gene duplication from a single repeat
sequence. However, the active PI domain does not cor-
respond to a single repeat unit, but rather folds across
two tandem repeats. 
We show here that a recombinant ‘ancestral PI’ cor-
responding to a single repeat unit adopts a very similar
structure to that of the native PIs, and is a functional
chymotrypsin inhibitor. It is possible, therefore, to form a
stable, active PI that folds within a sequence repeat.
Duplication of aPI1 to generate a two-repeat inhibitor
results in the formation of a protein, which like the
native PIs folds across, rather than within, the sequence
repeat. This transition to an interrepeat fold as a result of
the expansion from single to multiple repeats is analo-
gous to the evolution of ‘domain-swapped’ dimers
from monomeric proteins. This process involves disrup-
tion of a pre-evolved interface between domains within a
monomer, which is then reformed between equivalent
domains on two different polypeptide chains. Duplication
of aPI1 results in the disruption of the pre-evolved inter-
face between the regions consisting of residues
Met1–Ser20 and Asp26–Ser54, followed by regeneration
of the equivalent interface between the two repeats.
Conventional domain swapping is dependent on the flexi-
bility of the linker region connecting the swapped
domains. For example, monomeric staphylococcal nucle-
ase can be converted to a domain-swapped dimer by the
deletion of six residues from the linker region. Similarly,
the unstructured region Glu21-Glu-Lys-Lys-Asn25
linking residues Met1–Ser20 and Asp26–Ser54 of aPI1
may mediate the conversion between the monomeric,
intrarepeat fold of aPI1 and the domain-swapped, cross-
repeat form of the native PIs. Thus, domain swapping
may occur between regions of a single polypeptide chain
as well as between different polypeptides.
Materials and methods
Bacterial expression and purification of aPI1
DNA encoding the aPI1 region was amplified by the polymerase chain
reaction (PCR). The PCR products were cloned into the pET11a
expression vector (Novagen) for expression in BL21 cells. Cells were
induced with 0.1 mM isopropyl-β-D-galactopyranoside (IPTG; Sigma)
for 2 h, and cell lysis was performed as described [25]. Total cell lysate
was spun at 10,000 g and the supernatant was loaded onto a
Sephadex G-50 column (4 × 100 cm) equilibrated with 0.15 M KCl,
10 mM Tris-HCl (pH 8.0). Fractions containing chymotrypsin inhibition
activity were pooled, concentrated approximately tenfold by rotary
evaporation at 30°C, and further purified by reverse phase HPLC on a
preparative C8 RP300 column (7 × 250 mm; Brownlee).
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Figure 7
Cα ribbon diagrams of (a) aPI1 and (b) T1. The ribbons were
generated in InsightII using the mean coordinates for the NMR-derived
family of structures of aPI1 and T1 (PDB code 1tih). The width of the
ribbon is determined by the atomic root mean square (rms) deviation
from the mean of the Cα atom position across the family of structures.
Residues where the Cα rms < 1 are coloured blue and those where the
rms > 1 are coloured green. The termini of both molecules are labelled.
NMR spectroscopy
Samples for NMR spectroscopy contained ~1.0 mM peptide in either
90% H2O/10% 2H2O or 2H2O at pH 5.8. The pH values are meter
readings at 295K uncorrected for deuterium isotope effects. Spectra
were recorded on a Bruker DRX 750 and Bruker ARX 500 spectrome-
ters with sample temperatures of 303K or 313K. In all experiments, the
carrier was set at the centre of the spectrum on the water resonance
frequency and quadrature detection was used in both dimensions.
Spectra were recorded in phase-sensitive mode using TPPI [26]. The
following homonuclear 2D NMR spectra were recorded: double
quantum filtered (DQF) correlation spectroscopy (COSY) [27], total
correlation spectroscopy (TOCSY) [28] with a MLEV17 [29] isotropic
mixing period of 80 ms, exclusive correlation spectroscopy (ECOSY)
[30] and NOESY [31] with mixing periods of 50, 100 and 200 ms.
Water suppression was achieved in the COSY and ECOSY experi-
ments using selective low-power irradiation of the water resonance
during the relaxation delay of 1.8 s. For the TOCSY and NOESY exper-
iments a WATERGATE [32] scheme was used employing gradient
pulses of ~6 Gcm–1 either side of a 10 kHz 3-9-19 binomial pulse.
Slowly exchanging amide protons were identified by recording a series
of 1D and TOCSY spectra on a fully protonated sample of aPI1 imme-
diately following dissolution in 2H2O.
Spectra were processed on a Silicon Graphics Indigo 2 R8000 using
XWINNMR (Bruker), as described previously [2]. Processed data were
analysed using XEASY [33].
Structure calculations
Distance constraints were derived from the intensity of cross-peaks in
NOESY spectra recorded in 90% H2O/10% 2H2O and 2H2O with a
mixing time of 200 ms. Initial structures were generated using DYANA1.5
[11]. Several rounds of structure calculation and assignment were per-
formed to resolve ambiguities in the assignment of NOE cross-peaks.
Distance constraints were generated using the standard calibration
within DYANA, based on the cross-peak volumes measured in a 200 ms
mixing time NOESY. Dihedral angle constraints were generated using
the GRIDSEARCH functionality within DYANA, which performs a sys-
tematic analysis of the local conformation around the Cα atom of each
residue and, on the basis of measured coupling constants and local dis-
tance constraints, determines allowed dihedral angle conformations.
3JHNHα coupling constants were obtained from lineshape analysis of the
antiphase cross-peak splitting in a high digital resolution 2D DQF
COSY spectrum. 3JHαHβ coupling constants were measured from the
passive couplings in an ECOSY spectrum.
The final set of structures were calculated using a torsion angle dynam-
ics protocol [34] in X-PLOR 3.85 [35] using a geometric force field.
Starting structures were generated using random (φ,ψ) dihedral angles
and energy minimised (1000 steps) to produce structures with the
correct local geometry. A soft square well potential [36] was used for
NOE and dihedral constraints [37] and bond lengths were fixed during
the high temperature and cooling stages. The structures were sub-
jected to 15 ps of high temperature molecular dynamics at 50,000K
before cooling to 0K and final energy minimisation. During the minimi-
sation stage, refinement was performed against the Hα proton chemi-
cal shifts [38]. Structure refinements were performed using energy
minimisation under the influence of a CHARMm forcefield [39].
The final 20 structures with the lowest overall energies that had no vio-
lations of distance restraints > 0.2 Å or dihedral angles restraints
> 3.0° were retained for analysis. Structures were visualised using the
programs InsightII (Biosym) and MOLMOL [40] and analysed with
PROMOTIF [14] and PROCHECK_NMR [13].
Accession numbers
The 20 representative structures of aPI1 and the restraints used to
generate them have been deposited in the Protein Data Bank under the
accession number r1ce3mr.
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